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ABSTRACT: True n-type doping of
titanium oxide without formation of
midgap states would expand the use
of metal oxides for charge-based
devices. We demonstrate that plas-
ma-assisted fluorine insertion passi-
vates defect states and that fluorine
acts as an n-type donor in titanium
oxide. This enabled us to modify the NAR
Fermi level and transport properties
of titanium oxide outside the limits
of O vacancy doping. The origin of Tio,
the electronic structure modification
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is explained by ab initio calculation.
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he application of transition metal oxide (TMO) semicon-

ductors for charge-based devices is becomlng prevalent for
chemical, electrical, and energy applications.' > Among TMOS,
titanium oxide has been widely studied for photocatalysis,* hght
harvesting,® resistive switching memory,® and chemical sensing’
as an intrinsic n-type semiconductor. The charge transport/tran-
sfer in titanium oxide is highly sensitive to O vacancy defects that
exist as the lattice bonding defects in single-crystals and as surface
and grain boundary defects in polycrystalhne films.® In previous
studies, O vacancies, equivalent to Ti>" states, have been used
as intrinsic donors to create a transport channel for increased
conductivity.”"

O vacancies give rise to partially occupied Ti*" states below
the conduction band (CB) edge and act as n-type donors.
Consequently, limited control of titanium oxide conductivity
and Fermi level (Eg) is possible by the manipulation of O vacan-
cies. However, the intrinsic doping of titanium oxide through
Ti*" defect sites is equivalent to the formation of a reduced
oxide. Although, the reduced oxide is often highly conductive,
" mldgap states act as a barrier to CB transport and result in
Eg pinning." Additionally, the electric activity (e.g, charge trapping)
and chemical reactivity of O vacancies create problems for
material reliability. Consequently, highly conductive titanium
oxide is seldom useful for device architecture, and fabrication of
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highly conductive, defect-free titanium oxide remains an impor-
tant challenge.

The extrinsic chemical doping of titanium oxide using im-
purity dopants (e.g, N, S, and C) by colloidal synthesis methods
to modify the electronic structure and achieve visible light absorp-
tion has been actively studied for photocatalytic applications.'>*?
Additionally, metal impurity (e.g, V, Ni, and Nb) doping to
titanium oxide has been used to modify Er and increase the
conductivity.m’15 However, in each of these cases, the semicon-
ductor properties of titanium oxide are compromised by the
formation of metallic midgap states. To the best of our knowl-
edge, no one has reported n-type doping of a metal oxide without
simultaneously decreasing the band gap. This ability would be
analogous to phosphorus or arsenic doping of silicon where
carrier concentration is changed without significant band struc-
ture modification.

Here we report the use of plasma-assisted fluorine (F) inser-
tion to passivate defects and act as an extrinsic n-type donor
in titanium oxide. Electrical analysis shows that F insertion is
an excellent method to achieve highly conductive, low defect
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titanium oxide suitable for TMO device applications. Theoretical
calculations also investigate the concept of n-type doping to
metal oxides by F insertion and suggest the mechanism by which
F generates a highly conductive surface channel.

We deposited titanium oxide thin films by direct current
magnetron sputtering. As deposited, these films were highly
oxygen deficient. We tuned the oxygen vacancy concentration by
rapid thermal annealing in O, at various temperatures; in this way
we prepared three preconditions for F insertion with variable
amounts of O vacancies. On the basis of the relative intensities of
the Ti*" and Ti*" states in the Ti 2p XPS spectrum, we refer to
the three preconditions to F insertion as TiO,,, TiO;o, and
TiO,. F insertion is achieved by treatment in N, plasma with
trace SFg. Process pressure was S0 mTorr with SF¢ partial
pressure <5 mTorr. Plasma power is 20 W with a 130 V dc
substrate bias. Treatment times ranged between 1.5 and 4.5 min.

Figure la shows surface conductivity measurements at room
temperature for TiO; ; and TiO, before and after F insertion. In
the case of TiO, 5, the high density of suboxide states associated
with the O vacancies leads to a metallic conduction (resistivity
~0.1 Q-cm) but the conductivity decreases slightly with F
insertion. This is because F passivation of O vacancies decreases
the density of suboxide states used for transport in these
materials. However, in the case of TiO,, F insertion increased
conductivity (i.e., decreased resistivity) by a factor of 40. Before
discussing these results, it is insightful to note that for O vacancy
doped TiOy, transport occurs in the suboxide band structures
induced by O vacancy defects. This is clearly evident in the
activation energy of charge transport which is <0.1 eV for these
samples (see Figure 1b and Supplementary Figure S1 in the
Supporting Information). Polycrystalline TiO, will always show
activation energy for CB transport of ~0.3 eV because of local-
ized electron traps at grain boundaries.'® We cannot measure the
activation energy for transport in the TiO, sample because it is
highly insulating. This serves to illustrate that in oxide materials
true CB transport is almost impossible to observe because high
conductivity in oxides is usually only achievable by reducing the
O stoichiometry to create a suboxide band structure. For the F
inserted TiO, (F—TiO,) sample we observe a transport activa-
tion energy of 0.3 eV consistent with CB transport in polycrystal-
line TiO,.

It is likely that this conduction is highly localized to the surface
of the film. Due to the method for F insertion, we consider that F
incorporates in the film primarily in the top 3 £ 1 nm as con-
firmed in the XPS depth profile (see Supplementary Figure S2
in the Supporting information). By acting as an n-type donor
(to be discussed later) to raise Ex toward CB edge, F represents a
positive space charge in the near surface region resulting in
downward band bending toward the surface. If the band bending
is such that the CB drops below Ep, then a shallow two-dimen-
sional electron gas (2DEG) forms. We suggest that the 2DEG is
the mechanism for the dramatic increase in conductivity for the
F—TiO, sample. According to this theory, the surface channel
resistivity is much lower than that shown in Figure 1a, where we
conservatively consider the entire film thickness (100 nm) in
determining the area of the transport channel. If the 2DEG
is localized to the top 1 nm of the film as is likely, then true
resistivity calculated from the device channel area could easily be
2 orders lower (~10> Q- cm) than that determined by consider-
ing the entire film thickness (~10* Q-cm). Note that the F
appears to be stable over long periods of time. We have repeated
surface conductivity measurements after storing the samples in
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Figure 1. (a) Conductivity (S- cm_l) measurements at room tempera-
ture for 100 nm TiOx on insulating substrates. Note that the enhanced
surface conductivity induced by F in TiO, is stable over time with no
measurable loss in conductivity after S months. (b) Ln (conductance, S)
as a function of temperature for O vacancy doped TiO, ; and F-inserted
TiO, diodes. The Ln (S) values of O vacancy doped TiO, 5 is normal-
ized to the value of F-inserted TiO, at 28.7 °C (i.e., 1000/T=3.31K ).
The slope is proportional to the activation energy (E,) for transport (see
Supplementary Figure S1 in the Supporting Information). E, less than
0.1 eV indicates transport in semimetal suboxide states, while E, about
0.3 eV indicates CB transport with grain boundary defects acting as
barriers. For TiO; , F insertion slightly decreases conductivity by re-
moving the suboxide states that provide the primary path for charge
transport. For TiO,, F insertion increases conductivity by a factor of
40 and shows E, consistent with CB transport. We conclude that while F
decreases suboxide transport, it produces a surface channel for enhanced
CB transport. (c) Imaginary dielectric functions (g,) as a function of
photon energy for undoped TiO,, O vacancy doped TiO,; and F
inserted TiO, taken by spectroscopic ellipsometry measurements. CB
absorption (shaded in gray) shows an onset at 3.2 eV and is nearly
identical for the F inserted and undoped TiO, sample indicating that F
insertion does not significantly modify the CB structure. At photon
energies below 3.2 eV, absorption is due to O vacancy associated midgap
states. (d) Lowest excitation energy of TiO,, O vacancy doped TiO; 5,
and F inserted TiO, from absorption coefficient spectra (see Supple-
mental Figure S3 in the Supporting Information). The reference absorp-
tion onset for each excitation is ~10° cm ™ ",

dry N, for 5 months and observe no measurable loss in surface
conductivity induced by F. The purpose of storing in dry N is to
prevent water adsorption that significantly modifies the surface
electronic structure of titanium oxide.

Figure lc shows the photon energy dependent imaginary
dielectric functions obtained by spectroscopic ellipsometry for
undoped titanium oxide (i.e., TiO,), O vacancy doped tita-
nium oxide (i.e., TiO; ;), and titanium oxide after F insertion (i.e
F—TiO,). This allows us to compare the effects of O vacancy
doping and F insertion on the CB structure and minimum excita-
tion energy. The CB edge shows an onset at 3.2 eV for TiO, and
F—TiO, samples, indicating that F insertion does not change the
band gap. Absorption at photon energies below 3.2 eV is the
result of electron excitation from the valence band (VB) to mid-
gap states associated with a suboxide band structure. By looking
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Figure 2. (a) Current—voltage (I—V) curves for ~10 nm TiO, on
highly doped (0.01 €2 cm) p-Si. Red lines show TiO), - samples, and blue
lines show TiO,. On the left is before F insertion, and on the right is after
F insertion. The current density values of all TiO, diodes were multi-
plied by a factor of 200. (b) Rectifying factor for TiO, and TiO, ; before
and after F doping. Rectifying factors are the ratio of forward to reverse
bias current. For O vacancy doped TiO,, low rectifying factors are the
result of a high concentration of defect states and low Fermi level (Eg).
By passivating defects and raising Er, F doping increases the rectifying
factor for each precondition by more than a factor of 3.

at the relative absorption coeflicients converted from the di-
electric functions, it is possible to compare the density of midgap
states induced by O vacancy doping and by F insertion under the
joint density of states theory (see supplementary section 4 in the
Supporting Information). The relative absorption of midgap
states in TiO, - (~10° cm ™) is an order of magnitude higher
than that (~10* cm™") of TiO,. The lowest excitation energy for
each film in Figure 1C is plotted in Figure 1D. While O vacancy
doped TiO;; shows the significant destabilization of intrinsic
TiO, band structure with the low excitation energy (from top of
VB to empty subgap O vacancy states) at 2.2 eV, F insertion does
not induce any of change in CB edge states, stabilizing the band
gap energy at 3.2 eV. As will be discussed later, this stabilized CB
edge state of F—TiO, is due to the higher excitation energy of
molecular orbital states of Ti—F bonds than 3.2 eV band gap
energy of TiO,.

Figure 2a shows current—voltage (I—V) curves for diodes
consisting of TiO,, on highly doped p-Si. We present results for
TiO, and TiO, , before and after F insertion. Without F inser-
tion, both TiO, and TiO; ; heterojunction devices show almost
symmetrical I—V curves where the reverse bias leakage current is
nearly as high as the forward bias current. This is the result of two
factors. First, the high density of subgap states in TiO, , provide a
path for carrier transport in the reverse bias direction. Second, the
low n-type character (i.e., low Eg level) of O vacancy doped TiO,,
closely aligns with Eg in p-Si resulting in minimal interface band
bending. For TiO, and TiO, , the reverse bias current decreases
and the forward bias current increases with F insertion. This is
the combined effect of defect state passivation by F and increased
Eg in the F—TiO, layer to achieve greater band bending at the
p-Si interface. In Figure 2b, the rectifying factor (taken as the
ratio of forward to reverse bias current) increases with F insertion
by a factor of 3 for both cases. A similar trend was observed for
TiO, ¢ (not shown), except that the rectifying factor before F
insertion was 3.4 and increased to 22.4 after F insertion. This is
much higher than for TiO, and TiO; ;. We do not fully under-
stand this anomaly but believe it is in part a result of the higher Ep
in TiO, g before F insertion compared to either TiO, or TiO; ; as
discussed below. It may seem counterintuitive that surface F
doping could affect rectification at the buried Si—TiO, interface.
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Figure 3. (a) Fermilevel (Eg) before and after F insertion for each TiO,
precondition determined by fits to the valence band edge XPS spectra
(see Supplementary Figure S4 in the Supporting Information). For the
O vacancy doped samples, Eg is determined by Fermi pinning to O
vacancy defect states. By passivating O vacancy states, F removes the
effects of Fermi pinning. Additionally, F acts as an extrinsic n-type donor.
As a result, F insertion raises E higher than is possible by O vacancy
doping. For the doped samples, Eg. scales with F concentration. (b) The
atomic ratio of F to Ti after 3 min of plasma treatment for each TiO,
precondition. Atomic ratios are shown for two different binding states
identified by XPS (see Figure 4b) and for total F. We assign these two
binding states as F substituted for O and as interstitial F. Substitutional F
concentration depends strongly on the initial O vacancy concentration
before plasma treatment and appears to determine E. after F insertion.
(c) Ti 2p XPS spectrum of TiO, ; before and after F insertion. Open
circles show the raw data, and lines show the results of a Gaussian
deconvolution. The peak state at 458.5 €V is the Ti*" state in stoichio-
metric TiO,. The lower binding energy peak at 456.9 eV is the Ti> state
and is a marker for O vacancy induced defect states. The decrease in Ti>*
state concentration with F insertion indicates that F passivates defects by
binding to Ti*" at O vacancies. (d) Ratio of defect state to CB absorp-
tion measured by spectroscopic ellipsometry before and after F insertion
for TiO, 7, TiO, g, and TiO,. Defect state/CB absorption was taken as
the maximum absorption coeflicient below/above 3.2 eV. The trend
shows that F passivates O vacancies that give rise to defect states.

However, the thickness of the TiO, layer (i.e., 10 nm) is much
smaller than the depletion width. Consequently, n-type doping
to the surface will still effect rectification due to the mean field
across the depletion region of this p—n heterojunction.

Figure 3a shows Eg for TiO,, TiO,, and TiO; ; before and
after F insertion. We determined Eg, by fitting the valence band
edge XPS spectra (see Supplementary Figure S4 in the Support-
ing Information). It is insightful to first consider the effect of O
vacancies on the Femi level before considering the effect of F
doping. In the case of stoichiometric TiO,, we measured Eg. to be
2.4 eV. Doping by O vacancies initially introduces partially
occupied Ti*" states about 0.3—0.5 eV below the CB edge,"”
and these states serve to pin E at approximately 2.8 eV in the
TiO, ¢ sample. However, if the oxide is further reduced, semi-
metal states form that pin Ep at a much lower energy. This is
evident in the TiO, ; sample that shows Eg to be 2.1 eV. We note
that this value is in excellent agreement with the spectroscopic
ellipsometry spectra that showed a minimum excitation at 2.2 eV
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(see Figure 1d). Although this reduced oxide is highly conduc-
tive, transport occurs in the metallic band structure of the sub-
oxide, and it is not possible to use this material as a semicon-
ductor because of the high density of midgap states.

Figure 3a also shows that F insertion raises Ep for each
precondition by up to 1 eV. In the case of TiO,;, where Eg is
initially pinned at 2.1 eV by the semimetal states of the suboxide,
F insertion increases Eg to 3.1 eV, just below the CB edge. This is
partly the result of F passivation of suboxides states in the band
gap. However, the resulting Eg is 0.7 eV greater than undoped,
stoichiometric TiO,. We conclude that in addition to passivating
defects, F acts as an n-type donor. These results demonstrate the
ability of F insertion to tune Eg outside the limits of O vacancy
doping. Comparing Eg after F insertion for each precondition
shows that Ep scales with the atomic ratio of F to Ti determined
by XPS (see Figure 3b). This indicates that F binding to an O
vacancy gives rise to a free CB electron in titanium oxide. We call
this effect n-type doping by F insertion. Figure 3b also indicates
another binding state of F which we assign as interstitial inser-
tion. Theoretical calculations discussed below explain the origin
of these two binding states and discuss their respective contribu-
tions to modifying the bulk electronic properties. We note that
Er scales with the concentration of a F binding state at 684.9 eV
that we assign as O substitution (or binding to a preexisting O
vacancy).

Figure 3c shows the Ti 2p spectrum for O vacancy doped
and F inserted TiO; ;. The peak binding state at 458.5 eV is
characteristic of the Ti*" states in the stoichiometric oxide, while
the shoulder at lower binding energy (BE, 456.9 eV) represents
Ti*" and Ti*" states in the suboxides. Comparison of the Ti 2p
spectra of TiO, ; before and after F insertion shows a decrease in
Ti*" states from 41% to 9%. This is a dramatic reduction in the
density of defect states with F insertion and is direct evidence
that F passivates O vacancies by binding Ti>". Figure 3D shows
the absorption ratio of midgap to CB states before and after F
insertion for each TiO, precondition based on spectroscopic
ellipsometry measurements. This provides additional evidence
that F binding is primarily to O vacancies and that F passivates
defect states in nonstoichiometric oxides. Because the chemical
instability of O vacancies is one of the primary factors that limit
TMO device reliability, we believe that F insertion may greatly
improve the chemical stability of TMO semiconductor devices.
However, we have not yet investigated the effect of F insertion on
chemical stability. Note that in the case of stoichiometric TiO,, F
insertion does not significantly change the O vacancy concentra-
tion because it is already so low.

We note that SF4 can etch TiO, by formation of TiF, which
has a vapor pressure at room temperature. Fracassi et al. showed
that during SF¢ plasma etching a layer of TiF; and TiF, forms on
the surface of the oxide.'® TiF, leaves the surface by sublimation
which is likely assisted by ion sputtering in the plasma. Conse-
quently, the formation of titanium fluorides (TiF,) and subse-
quent etching represents an upper limit to F doping in TiO,. For
our plasma exposures, the F concentration stayed beneath the
limit for formation of TiF, as can be seen by atomic fractions of F
to Tibelow 0.6. Fracassi et al. also showed that formation of TiF3
and TiF, during etching is easily visible in the Ti 2p XPS spec-
trum by a 3—5 eV shift to higher BE.'” We observe no significant
shift (<0.2 eV) in the Ti 2p BE with plasma treatment. This
suggests true chemical doping by F insertion rather than forma-
tion of a fluoride phase.

p FTi6ss9ey)

Fs urf
(686.4 eV)

F1s XPS Intensity (Arb. Unit)

690 683 686 684 682 680
Binding Energy (eV)
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Figure 4. (a) Ti;3034 nanoparticle model with interstitial F (yellow
ball) used for theoretical calculation. In this site, F sits in a distorted
octahedral formed by six Ti atoms. In this case charge transfer to the F
ion is primarily from a surface O atom (shown as site 50) because the
nearest neighbor Ti atoms are already fully oxidized. The substitutional
F site and O vacancy site (shown as site 43) have three Ti nearest
neighbors. (b) F 1s XPS spectrum of TiO, 3 min after F insertion. Open
circles show the raw data, and lines show the results of a Gaussian
deconvolution. The peak state at 684.9 eV indicates Ti—F bonding as a
result of O subsitution. We assign the state at 686.4 eV as interstitial F.
The relative energies of the two binding states are explained by the
qualitatively different charge exchange between F and either Ti or O
depending on the insertion site.

Theoretical calculations are carried out using a high level,
many-electron theory in order to investigate fundamental prop-
erties of TiO,. This is a well-established method for investigating
the electronic structure of metal oxides.”* The theoretical model
considers three different modifications to TiO,: (a) interstitial F,
(b) F substitution for oxygen, or (c) an O vacancy. Of particular
interest are effects on the electronic excitation spectrum and
induced spin states that accompany changes in the occupancy of
Ti d orbitals. We use a geometry optimized Ti;3036 nanoparticle
to investigate these effects. While the nanoparticle differs in detail
from bulk TiO,, the interior sites involve the same basic electro-
nic structure. Figure 4a depicts Ti;3036 nanoparticle model with
an interstitial F site. In other calculations, a subsurface vacancy is
created by removing a neutral O atom at the interior of the
particle, and a F atom is substituted for O.

In all three systems, the lowest energy excitation is best
described as exciton, with a hole that is largely localized on a
single O 2p and an electron that is transferred to the d-shell of a
nearest neighbor Ti. In the nanoparticle, the oxygen vacancy and
interstitial F alter the excitation energy or “band gap” from the
~3 eV of the unmodified Ti; 3O 3. Substitutional F increases the
excitation energy while an O vacancy decreases the excitation
energy (see Table 1). This explains why F insertion does not alter
the minimum excitation energy observed experimentally. Although
F insertion creates new states in the band gap, the lowest excita-
tion energy is still the difference between the unmodified valence
and conduction band edges of stoichiometric TiO,.

The calculations also reveal major differences in the concen-
tration of free carrriers: an O vacancy and substitutional F induce
unpaired electron spin in the d-shell of a nearest neighbor Tij,
while interstitial F induces unpaired spin on nearby oxygen. One
of the key findings that relates to the present investigation is the
difference in behavior of subsurface species in the creation of
surface electronic states involving oxygen atoms that are sub-
stantially undercoordinated, e.g., 2-fold coordinated, on the
surface of TiO,. O atoms on the surface can serve as receptors
of unpaired spins generated internally and are strongly affected

dx.doi.org/10.1021/n11039378 |Nano Lett. 2011, 11, 751-756
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Table 1. Changes in Electronic Properties on Modification
of a Ti 3036 Nanoparticle by Formation of (a) O Vacancy,
(b) Substitutional F, and (c) Interstitial F

(0] substitutional  interstitial
vacancy I H
increase in no. of Ti 3d electrons” 1.58 0.89 0.00
increase in no. of unpaired 0.00 0.00 0.93
O 2p electrons”
F population 9.55 9.62
change in O 2p—Ti 3d excitation =~ —0.3 +0.8 +0.2

energy (eV)*
% Changes are relative to unmodified Ti;3Os¢.

by nearby subsurface modifications. To summarize, substitu-
tional F is responsible for the increase of electron density in CB of
TiO, in contrast to the increase in midgap states by O vacancy
doping. Furthermore, interstitial F leads to an unpaired spin in
the O 2p orbital of surface O that draws free carriers to the surface
and acts as a surface conduction channel (see supplementary
section 7 in the Supporting Information).

To emphasize the high level of correlation between the experi-
mental results and the theoretical study, we briefly discuss the
nature of F binding states in TiO, as identified by XPS spectra.
Figure 4b shows the F 1s XPS spectrum for TiO, after F inser-
tion. The peak is composed of two binding states centered at
684.9 and 686.4 V. This spectrum is identical to previous reports
for F insertion of TiO, by solution phase methods.'” The peak
state at 684.9 eV indicates Ti—F bonds by substitutional F doping.
The shoulder at higher BE is a F surface state, and previous
reports have hypothesized as to its exact origin.'” We propose that
the higher BE state represents interstitial F insertion (i.e., F inser-
tion without removal of an O atom). In the case of O substitu-
tion, F coordinates to a partially oxidized Ti atom, electron
density is transferred from the Ti to the F, and the Ti atom
assumes a 4+ oxidation state. However, if F is inserted or bound
to the surface without the removal of O, F could not draw
electron density from a Ti nearest neighbor because all nearest
neighbor Ti atoms are fully oxidized. In this case, the calculation
suggests that F attracts electron density from a nearby O atom
creating a partially unoccupied O 2p state. This is what we term
interstitial insertion. The relative energies of the two binding
states are explained by the qualitatively different charge exchange
between F and either Ti or O depending on the insertion site.

Considering the two binding states to be equivalent to sub-
stiutional and interstitial F insertion considered by the theoretical
calculations, we find excellent agreement between the theoretical
conclusions and the experimental findings. First, we observe that
substitutional F (i.e., binding state at 684.9 eV) scales with the O
vacancy concentration before doping while interstitial F (i.e., bind-
ing state at 686.4 eV) shows little dependence on the precondition
to plasma treatment. Second, we find that Eg. scales closely with the
concentration of substitutional F which theory predicts to generate
afree electron in the Ti d shell, unlike interstitial F. Finally, the role
of interstitial F to increase surface conductivity by drawing free
charge carriers to the surface can explain the enhancement of
surface conductivity in stoichiometric TiO, after F insertion. We
refer the reader back to Figure 1a and 3a,b for these data.

This study demonstrates that F passivates O vacancy defects
and acts as an extrinsic n-type donor for titanium oxide, resulting

in greatly enhanced CB transport. This effect is stable at ambient
temperature with no measurable loss of surface conductivity over
several months. It is likely that F will have the same effect on
other TMO semiconductors. The ability to remove midgap states
and tune Ep while stabilizing the intrinsic TiO, band structure
can result in a highly conductivity oxide suitable for device archi-
tecture and overcomes the limitations of current O vacancy doping
technology for oxide semiconductors. The highly conductive sur-
face electronic structure of n-type titanium oxide with F inser-
tion, free of Eg level pining, is promising for many metal—oxide
applications including solar cells, resistive switching memory,
transparent oxide transistors, sensors, and catalysts.
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